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Computational Fluid Dynamics Analysis of
Blalock-Taussig Shunt
MEMS 500-09: Independent Study
Thomas Hess
Washington University in St. Louis, St. Louis, MO 63130

Nomenclature
BT Shunt = Blalock-Taussig Shunt
CFD = Computational Fluid Dynamics
CAD = Computer Aided Design
WSS = Wall Shear Stress
LPA = Left Pulmonary Artery
RPA = Right Pulmonary Artery
A = Surface Area, m2
V = Velocity, m/s2
Q = Volumetric Flow Rate, Q = AV, m3/s2

I.

Introduction

Blalock-Taussig or BT shunts are a surgical procedure performed on infants suffering from cyanosis or “Blue
Baby Syndrome.” Cyanosis refers the purple or blue color of the skin resulting from low blood oxygen saturation. A
BT shunt is an artificial vessel placed between the right ventricle and the pulmonary artery to increase lung blood flow
and blood oxygen saturation levels. A depiction of a standard BT shunt can be seen below.
A BT shunt acts a temporary ductus arteriosus, which is a natural shunt in the fetal circulation to bypass the
pulmonary vascular system while the lungs are filled with amniotic fluid. After birth, the lungs fill with air and the
ductus arteriosus constricts and closes forcing blood into the pulmonary vessels to be oxygenated. For children with
a blockage of the pulmonary vascular system, such as with pulmonary stenosis, pulmonary atresia, or tricuspid atresia,
the ductus arteriosus must remain intact to allow blood to move from the systemic to pulmonary vascular system to
be oxygenated. If the ductus arteriosus becomes constricted or closes prematurely, the resulting inability to oxygenate
blood will cause cyanosis and eventual death of the infant.
The use of a BT shunt is a temporary palliative procedure taking the place of the ductus arteriosus. The shunt
does not completely repair pulmonary vascular blockages, but allows the child time to grow so a more permanent
surgical repair of the heart and vasculature can be performed. A typical shunt is cylinder made from a synthetic
hydrophobic material called Gore-Tex. The cylinder expands from blood pressure similar to a real blood vessel. BT
shunts vary in diameter typically from 3 to 4 cm depending on size and age of the infant.

Figure 1: Overview of the positioning of a BT shunt [1]

During this independent study, the flow of blood through several different BT shunt configurations was
analyzed using ANSYS Fluent, a Computational Fluid Dynamics (CFD) software analysis tool. The geometry for
each shunt studied was provided by Dr. Hoganson of Boston’s Children’s Hospital via a Solidwork’s CAD file. These
files were imported into ANSYS Fluent to be meshed and analyzed. The majority of this independent study was spent
learning how to use ANSYS Fluent to correctly model blood flow through shunts. Several different variables
includingwall shear stress (WSS), volumetric flow rate (Q), and pressure, were measured during this study in order to
determine the blood flow characteristics of each shunt. Data from each shunt analysis was when compared to help
determine the shunt parameters and design with optimal flow dynamics for use in infants suffering pulmonary vascular
blockage.
WSS is the main component which determines how well a shunt works in the human body due to its effects
on the biological properties of blood. For instance, too much WSS causes platelets in the blood to stick to the walls
of the shunt. These build up over time causing narrowing of the shunt internal diameter (stenosis), reducing blood
flow through the shunt with eventual shunt blockage. Alternately, too little WSS causes platelets to “activate” and
become sticky. These platelets stick to each other as well as other cellular components in the blood forming clots.
Clots with a diameter larger than the shunt will become stuck in the shunt forming a thrombosis and stop blood flow.
Clots with a diameter smaller than the shunt will travel out into the vascular system. When they encounter a small
blood vessel they will block the vessel forming a thrombosis which causes tissue damage.
The intent of this study is to more accurately determine the mathematical flow properties of shunts currently
in use as well as newly designed shunts and then identify the shunts with the best design and flow properties.
Currently, there is a 10% mortality rate for infants with pulmonary vascular blockage who undergo shunt implantation.
The two most common complications resulting in this mortality rate are stenosis of the implanted shunt and problems
related to the surgical procedure. This study looks to reduce complications related to shunt stenosis.

II.

Geometry

In this study, five different geometries were studied each named after their respected creator: KC shunt, KS shunt,
CS shunt, JJ shunt, and David Hoganson’s new shunt (DH). The JJ and KS are 3.5 mm shunts while the KC and CS
are 4.0 mm shunts. The geometry of each shunt includes the assumption that the blood flow of pulmonary artery and
aortic branch to which the shunt is attached are known. The Solidwork’s CAD files were altered for use within
ANSYS Fluent because in pipe-flow ANSYS Fluent wants the solid geometry of the volume the fluid is moving
through, not the pipe walls themselves. Therefore, each shunt must be “de-shelled” in order to create the appropriate
geometries. First, all outer faces were deleted on the geometry using the face delete function in Solidworks. This
results in a shell of the boundary the fluid flows through, but is still needed to be solid. A single face on this shell is
deleted and re-added using the planar surface function in order to create to separate objects. Then, the knit function
can be used between the shell and re-added surface in order to recreate a single object. During this, “create solid” can
be selected to fill the innards of the shell solid. An example of a starting and de-shelled geometry can be seen below.

Figure 2: Original geometry compared to shelled geometry used in ANSYS Fluent for the JJ shunt.

III.

Mesh Generation

The 3D meshing for each BT-Shunt was done using ANSYS’ built in meshing software. More sophisticated
meshing software such as ICEM was used at the beginning of this study, but was deemed unnecessary due to the
relative low complexity of the mesh. Each shunt’s mesh was created using body sizing and inflation mesh
controls. First, the body sizing control was set in order to tell the meshing software the largest value each face of
the mesh can be and set an overall maximum distance between nodes. The entire volume of the geometry was
set to a hard uniform body sizing of 1.5E-4 meters. Since this study focuses mostly on the interaction of fluid
with the wall of the shunt, an inflation mesh was used to make this area more precise for study. The scope of this
mesh is set to the entire geometry to tell the program the range for the inflation. Next, the boundaries are set to
be the walls of the geometry (excluding any entrances or exits). To create mesh that is precise near the wall, and
less so in the center of the shunt, the inflation was set to a first layer thickness mesh. This allows one to set the
first layer of meshing height, how many layers of inflation there are, and the growth rate between layers. During
this study the first layer height was set to 5E-6 meters, the maximum layers was set to 16, and the growth rate left
at the default 1.2. Another important step completed at this time is name selections. Each separate wall is given
a name such that it can be identified and studied later on in the case. These include: velocity input, velocity
output, aortic vessel, pulmonary artery, shunt wall, shunt wall boundaries, and two pressure outputs (pulmonary
artery entrances). An example of the resultant mesh can be seen below.

Figure 3: Example of resultant mesh during this study. The meshing is much more precise around the walls of
the shunt.

IV.

Numerical Setup in ANSYS Fluent

After the meshing is completed and updated, the solver can be set up. For every case, a transition k-kl-ω
turbulence model was used for its accuracy in the laminar-turbulent boundary layer transition which is important in
monitoring WSS in pipe-flow. In order to simulate blood flow, a new fluid must be made within ANSYS Fluent.
While blood is a very complicated fluid containing platelets and blood cells which alter its physical properties, this
study treated blood as a constant density fluid of 1050 (kg/m3) and a viscosity of 0.00255 (kg/m-s). Next, boundary
conditions need to be set for each entrance in the geometry. Since named selections were made in the meshing step,
each boundary can easily be changed by clicking on its name and changing its boundary type. Boundary conditions
in each case were given by Dr. Hoganson from patient test results. ANSYS Fluent requires input velocities rather
than volumetric flow rate so some conversions were made. A sample of the JJ shunt boundary conditions can be seen
below.
Table 1: JJ – 3.5mm Shunt – Boundary Conditions
Innominate inlet flow
Q = 1298 ml/min  A = 2.1811E-5 m^2  V = 0.99185 m/s
Innominate outlet flow
Q = 118 ml/min  A = 2.1811E-5 m^2  V = 0.09017 m/s
LPA outflow pressure
15 mmHg  1999.84 Pa
RPA outflow pressure
15 mmHg  1999.84 Pa
Next, the solution methods are set to a coupled scheme allowing for full pressure velocity coupling which is good
for steady-state flows. The PRESTO! pressure interpolation scheme was chosen because of its accuracy with curve
domains as well as dealing with high-speed rotating fluids. A second order scheme was selected for higher accuracy
in the momentum of the fluid. The gradients and derivatives are evaluated using the Green-Gauss Node-Based
gradient modal. This modal uses the following equation to average the face value of every element of mesh:

Where φf is the face value, Nf is the number of nodes on the face, and φn is the nodal value. The nodal values
are found from the weighted average of cell values in the vicinity of the node. This scheme allows for more accuracy
than a standard cell based method. The triangle shaped mesh increased formula accuracy between nodes, which is the
main reason for using Green-Gauss Node Based models. Since the energy of the system is far less important than the
momentum, all remaining schemes can be left at the default first order selection. Before running the study, several
monitors were set up to show progress in the solution. These include volumetric flow rate monitors are both pressure
outputs as well as a WSS monitor on all the shunt walls. These provide information to when the case has converged
on an acceptable solution. If run as a steady-state case, each solution would take as many as 5000 iterations to
converge.

V.

Numerical Results

After each shunt was run the maximum, minimum, and average values of WSS and volumetric flow rate were
recorded for each area of the shunt wall. While this research is constantly being modified and changed for more
accurate results, the most recent WSS results for each shunt are listed below. Figure 4, below, illustrates the walls
being studied.

Figure 4: Overview of named selections in ANSYS Fluent Analysis
Table 2: CFD Numerical Results – KS Shunt

Table 3: CFD Numerical Results – KC Shunt

Table 4: CFD Numerical Results – JJ Shunt

Table 5: CFD Numerical Results – CS Shunt

Examination of these results reveal that within its given boundary conditions, the KC shunt has the most desirable
maximum WSS values, but the low minimum values on the main shunt wall could be problematic. Another weakness
of the KC shunt is its pressure and volumetric flow rates are far higher than the other shunts evaluated. While no
shunt had completely desirable characteristics, each shunt had one or more unique advantages. The purpose of this
study was to attempt to determine the unique advantages allowing them to be combined into a new optimal shunt
design. For instance with regard to the WSS data, the shunt wall of the CS might be combined with the boundaries of
the KC shunt to create a shunt with the smoothest blood flow.
In order to correct the areas of each shunt with design problems, CFD Post was used to create WSS contours and
velocity profiles for each shunt as seen below. It is important to note that each photo is based on a local scale and
which varies from image to image.

Figure 5: WSS Contour of KS Shunt – Max = 300 Pa

Figure 6: Velocity profile of a KS shunt

Figure 7: WSS Contour of KC Shunt – Max = 130 Pa

Figure 8: Velocity profile of a KC shunt

Figure 9: WSS Contour of JJ Shunt – Max = 250 Pa

Figure 10: Velocity profile of a JJ shunt

Figure 11: WSS Contour of CS Shunt – Max = 220 Pa

Figure 12: Velocity profile of a JJ shunt

Along with these cases, a newly designed shunt created by Dr. Hoganson (DH) was also tested. This shunt
features the inclusion of a non-symmetric curved wall that attaches to a slightly different region of the aortic branch
and pulmonary artery. While this case does help resolve high wall shear stress it is difficult to determine if this design
is superior to the four other standard shunts tested. Below are the contours for this shunt.

Figure 13: WSS Contour for the DH shunt

Figure 14: Velocity profile for the DH shunt

In general, each of the four shunts tested have issues in the shunt boundary 1 area. With each of these designs,
the abruptness in change of direction of the flow causes major shearing on the shunt boundary which can easy result
in platelet build-up and ultimate blockage of the shunt. Dr. Hoganson’s new shunt design attempts to resolve the
boundary 1 area issue with the added curve. While the DH shunt seems to resolve the boundary 1 shearing seen in
the other designs, there is still one area causing concern. As seen in figure 14, there is a large velocity spike in the
blood exiting the shunt probably due to a high amount of WSS. Further investigation shows the second curvature on
the backside of the shunt is the cause. This is illustrated in figure 15 below.

Figure 15: WSS on backside of DH Shunt

VI.

Conclusions and Future Work

Overall, much of the data gathered during this study requires further analysis before further conclusions can be
made and corrective modifications added to the stent designs. The fluid flow of each shunt was modeled using actual
medical data. The possible failure areas for each shunt were also identified. More in depth analysis of this data could
lead to the determination of the optimal shunt diameter (3.5 or 4 mm) and design (KS, KC, JJ, or CS) to use on a given
patient based on measurements obtained during surgery.
While a lot of information was gathered during this study, it was also a lot of circumstantial information. This is
because each shunt was tested on its individual boundary conditions. While this can be used to piece together the most
efficient angle of attack, curvature, boundary diameters, and overall shape for a given shunt and its conditions a more
standard test is needed in order to compare these shunts based on the same circumstances. For this reason, continued
work on this project will involve running each shunt under the same initial boundary conditions varying from low to
high input velocities and output pressures. This will not only tell which shunt acts best in a given scenario, but also
more accurately show which part of each shunt fails under those conditions. This will lead to better information on
the best way to modify the DH shunt or even design a new shunt as a whole. The end goal of this project is to create
a completed Solidwork’s file for a mathematically superior shunt and write a master’s thesis on the project. This will
be completed by December 2018.
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